Cranial irradiation is a critical and effective treatment for primary brain tumors and metastases. Unfortunately, most patients who are treated and survive for more than a few months develop neural and cognitive problems as the result of radiation-induced normal tissue injury. The neurobiological mechanisms underlying these cognitive deficits remain largely unknown and there are no validated treatments to prevent or ameliorate them; thus, there is a significant and continuing need for preclinical studies in animal models.
Investigations from several laboratories have demonstrated neurobiological changes after cranial irradiation in rodents. To date, however, experimental studies in animal models have included little assessment of the systemic effects of cranial irradiation, despite evidence from the clinic that cranial irradiation results in changes throughout the body and recognition that systemic responses may influence the development of neural and cognitive deficits. This study evaluated systemic effects of clinically relevant, fractionated whole-brain irradiation in adult rats and demonstrates effects on the growth hormone/insulin-like growth factor-I axis, which may contribute to the development of neural changes. These and other systemic responses are important to consider in ongoing efforts to understand the mechanisms of radiation-induced normal tissue injury. Ó 2013 by Radiation
INTRODUCTION
Cranial irradiation is an effective treatment for brain tumors and metastases but doses are limited by toxicity to normal tissue. Each year ;100,000 patients in the U.S. receive partial-or whole-brain irradiation and survive long enough to develop radiation-induced neural injury and cognitive deficits (1) , which are significant detriments to quality of life (2) . Understanding the neurobiological mechanisms and developing treatments to ameliorate or prevent such dysfunction are important goals.
Animal studies are critical for mechanistic and other preclinical investigations. Studies of the effects of wholebrain irradiation (WBI) in animals have concentrated primarily on hippocampal dependent learning and memory as well as neurobiological mechanisms thought to be directly modulated by irradiation such as neurogenesis, oxidative stress and neuroinflammation. Systemic effects of WBI rarely are assessed, despite recognition in the clinic that radiation therapy limited to the cranium impacts the entire body, often through treatment-induced endocrinopathies (3) (4) (5) . Such as systemic changes may impact neural function and neural responses to brain irradiation in animal models, and these neurobiological changes should be considered within the broader context of somatic effects, which remain largely unknown.
In ongoing studies of the effects of normal-tissue injury and cognitive dysfunction after WBI in young adult and aging rats, we observed that rats receiving fractionated WBI (fWBI) gain less weight than do sham-irradiated control animals. Others have reported a similar effect after fractionated (6) and even single-dose WBI (7, 8) . Prompted by this clear somatic response to fWBI, we assessed changes in several systemic measures for more than one year after clinically relevant fWBI in young adult and middle-aged rats. The data demonstrated significant and sustained radiation-induced deficits in body weight, brain weight, pituitary weight, pituitary growth hormone (GH) and plasma insulin-like growth factor-I (IGF-I). These changes were greater in rats irradiated as young adults than in rats irradiated in middle age. It also appeared that the serum level of brain-derived neurotrophic factor (BDNF) was modestly decreased by fWBI in young adult rats. Given the many ways in which these and other systemic factors may influence cognitive and other neural functions, they may be important co-variables that contribute to the mechanisms of dysfunction after cranial radiation therapy.
MATERIALS AND METHODS

Animal Husbandry
Male Fischer 344/Brown Norway F1 hybrid rats (F344BNF1) were obtained from the colony maintained by Harlan for the National Institutes on Aging at 2 and 17 months of age. The F344BNF1 hybrid rat is often utilized in studies of cognitive aging (9) because of its long lifespan and lower levels of aging-related pathologies (10) . Rats were housed in pairs on a reverse light cycle (off 9:00 am/on 9:00 pm) with ad libitum access to food and water. All animals were maintained on standard rat chow throughout the experiment and no eating-related morbidity was observed.
Irradiation Procedure
Irradiation/sham irradiation was begun when rats were 3 or 18 months old (N ¼ 24 irradiated and 24 sham-irradiated controls at each age). Anesthesia was by i.p. injection of 80 mg/kg ketamine and 6 mg/ kg xylazine; irradiations were performed 6-8 h into the rats' dark cycle. Sham-irradiated (control) rats remained in their home cages while irradiated rats (four at a time) were positioned in lateral recumbency in a custom jig for X-ray irradiation using a GE Isovolt Titan orthovoltage X-ray unit (300 kV, 10 mA, 1.25 Gy/min) with a Panflex variable collimator (12 3 14 cm 2 field size). A 2 cm thick, 20 3 20 cm 2 cover of high-Z fusible alloy (radiation shielding alloy) shielded the rats' bodies with a 30 3 30 mm opening over the lateral surface of each rat's head. Additional, moveable alloy shields with 11 3 16 mm apertures were positioned using the eye and ear as landmarks to allow irradiation of the brain alone through the right and left lateral surfaces of the head. Dosimetry analysis using tissue equivalent radiochromic film positioned within agarose phantoms representing the sagittal midline target and exposed to 5 Gy irradiation demonstrated a sharp dose gradient at the field edge, to approximately 17% of dose by 0.5 mm beyond the field edge and to less than 10% by 2 mm beyond the field edge.
A dose of 40 Gy fWBI was achieved by 2 fractions of 5 Gy per week over a four-week period. Each 5 Gy fraction was given by consecutive doses of 2.5 Gy per lateral field, one from each side and separated by ,10 min. The biologically effective dose (BED) calculated for 8 3 5 Gy is 106.7 Gy based on the linear-quadratic model (11) and assuming an a/b ratio of 3 Gy for late delayed effects in the brain. The corresponding BED for a typical regimen in the clinic (e.g., 30 fractions of 2 Gy in 6 weeks) is 100.2 Gy. Thus, biological effects of this prolonged fractionation regimen may be more relevant to the clinical situation than those observed after large single doses or fractionated doses given over a short period. Rats were maintained for 34 or 62 weeks after completion of fWBI.
Tissue Collection
Cohorts of rats were euthanized by sodium pentobarbital overdose (34 weeks) or carbon dioxide overdose (62 weeks; the change in euthanasia method was necessitated by a temporary drug unavailability) and then decapitated. Brains were removed, weighed, bisected sagittally at the midline, and the right hemisphere dissected. Sampling included olfactory bulb, prefrontal cortex (bregma 2.0 to anterior extent), dorsal striatum, medial frontal-and lateral frontal-dorsal cortex (all bregma 2.0 to À0.5, dorsal to rhinal fissure), hippocampus, dorsal-and ventral-posterior cortex (bregma À0.5 to posterior extent divided 1 mm above the rhinal fissure) (12) and cerebellum. The pituitary and brain samples were weighed, frozen on dry ice and stored at À808C. Trunk blood was collected for plasma (plus 40 units/ml heparin, no incubation) and serum (no heparin, clotted 40 min at 258C) and centrifuged 15 min at 1300g. Plasma (34 and 62 weeks survival groups) and serum (62 weeks survival group) were stored at À808C.
Two additional rats at each age received a single 5 Gy dose and were euthanized 40-80 min later to verify the anatomical extent of irradiation using immunohistochemical labeling of c-H2AX positive DNA double-strand breaks (DSB). Paraformaldehyde-fixed sections were cut using a cryostat and stored at À208C until immunolabeled.
c-H2AX Labeling
Sections were labeled using a c-H2A.X mouse monoclonal antibody (Millipore, no. 05-636; 2 lg/ml final concentration), visualized using a biotinylated secondary antibody, Vectastain Elite ABC and diaminobenzidine (Vector Laboratories, Burlingame, CA).
Pituitary Growth Hormone Assay
Frozen pituitaries were homogenized on ice using a Dounce tissue grinder at a ratio of 50 ul homogenization buffer (20 mM Hepes at pH 7.5, 300 mM NaCl, 2 mM EDTA plus 1:250 Sigma-Aldrich P8340 protease inhibitor cocktail) for each mg tissue. Homogenates were centrifuged at 15,000g for 10 min and supernatants collected and stored at À808C. Growth hormone was measured using a rat/mouse GH ELISA (EZRMGH-45K, Millipore) in supernatants serially diluted 1:40,471 in assay buffer. Supernatant soluble protein was measured using a BCA microassay procedure (Thermo Scientific Pierce).
Plasma IGF-I Assay
IGF-I in plasma was determined using a mouse/rat IGF-I ELISA (MG100, R&D Systems) on plasma samples serially diluted 1:2091 in kit calibrator diluent.
Serum BDNF Assay
BDNF in serum was determined using a BDNF ELISA (CYT306, Millipore) on serum samples diluted 1:76 in a 1:1 mixture of kit sample diluent and phosphate-buffered saline, pH 7.4, containing 1% BSA (A7030, Sigma-Aldrich).
RESULTS
c-H2AX Immunolabeling
Visualizing DSB acutely after WBI demonstrated an irradiation field with sharply delineated edges that extended (1) anteriorly to include the frontal pole of the cortex but excluded the eyes and all but the most posterior portion of the olfactory bulb, and (2) posteriorly to include the cerebellum and rostral brain stem (Fig. 1) . It was not possible to assess the irradiation field in each animal after each fraction, but the same pattern of DSB was evident in four rats, two of each age irradiated on each of two different days, indicating a high level of consistency across animals and fractions.
Body Weight
Anesthesia alone slowed growth in 3-month-old control rats and produced modest (;10%) and transient weight loss in 18-month-old control rats (Fig. 2A) . The effect of anesthesia on body weight was exacerbated by irradiation, SHORT COMMUNICATION such that average weight declined ;15% in young adult rats and ;20% in middle aged rats during the 4 weeks of fWBI. Rats began to regain weight immediately after treatment, but irradiated rats remained smaller than control rats. For rats treated at 3 months of age, the difference between control and fWBI rats increased over the first 34 weeks, by which time fWBI rats weighed ;25% less than controls, and then stabilized or decreased slightly by 62 weeks after fWBI (;23% difference). For rats treated at 18 months of age, changes in the weight of irradiated rats after completion of fWBI paralleled those in age-matched control rats but irradiated rats remained 8.5% smaller than controls. Twoway repeated measures ANOVA testing for effects of condition and time after fWBI demonstrated that body weights differed significantly (P , 0.05) between irradiated and sham-irradiated control rats starting in the second week of irradiation for young adult rats and in the third week for middle aged rats. Weights remained significantly lower in fWBI rats than in age-matched controls until the rats were euthanized.
Total Brain, Regional and Pituitary Weights
Brain weight was stable in control rats across the ages represented, with no evidence of aging-related atrophy. However, at both the 34 and 62 week survival times, brain 328 weight was significantly lower in irradiated rats (Tables 1  and 2 ), averaging ;8% lower in rats irradiated at 3 months and ;3% lower in rats irradiated at 18 months compared to age-matched controls.
The weights of neural regions dissected from the brains of control rats were constant across the ages represented (;11-32 months). There were, however, region-and agedependent effects of fWBI on the weights of 4 of the 9 neural regions collected (Tables 1 and 2 ). In rats treated at 3 months of age, the olfactory bulb, hippocampus and cerebellum weighed less in irradiated rats than in control rats at both 34 and 62 weeks after fWBI. The dorsal cortex also weighed less in irradiated rats at 62 weeks postirradiation. In rats treated at 18 months of age, the olfactory bulb SHORT COMMUNICATION was reduced ;10% in irradiated rats compared to control rats at 34 weeks after fWBI and the dorsal cortex was reduced ;7% at 62 weeks.
Pituitary weight in control rats increased across the ages examined (;35% greater in ;32-month-old rats than in ;11-month-old rats, Table 1 ), even after excluding pituitaries that showed gross hypertrophy (3 of 9 sham irradiated and 1 of 9 fWBI among rats irradiated at 18 months of age and examined at 62 weeks after fWBI). The effect of fWBI on the weight of the pituitary exceeded effects on the weight of the brain or any neural region (Table 1 ). In rats treated at 3 months of age, the pituitary was ;35% smaller in irradiated rats than in control rats at both 34 and 62 weeks after fWBI. The pituitary also was significantly smaller (15-20%) in irradiated rats than in control rats in the groups treated at 18 months of age.
Pituitary Growth Hormone
There was a significant aging related decline in the total amount of growth hormone isolated from the pituitary (Fig.  2B) , despite an increase in total pituitary protein (Fig. 2C) . Thus, the ratio of growth hormone to total protein declined progressively and significantly with age (Fig. 2D) . Irradiation reduced total pituitary growth hormone at each age and survival period (Fig. 2B , effect similar in magnitude to the effect on pituitary weight) and also reduced total pituitary protein (Fig. 2C) . Thus, the ratio of growth hormone to total protein was not affected by fWBI (Fig. 2D) .
Plasma IGF-I
IGF-I levels in the 62 week survival group IGF-I were significantly lower in older (;32 months) than in younger (;17 months) control rats, indicating a decline late in life (Fig. 2E) . Cranial irradiation produced a sustained, ;20% decline in plasma IGF-I in rats irradiated at 3 months of age and an ;10% decline in rats irradiated at 18 months of age (Fig. 2E) .
Serum BDNF
In the 62 week survival group, mean (SD) serum BDNF levels (pg/ml) were: sham treated at 3 months 3261 (745) with the mean BDNF level higher in young adult rats than in middle-agesham-irradiated control rats (P ¼ 0.04), indicating a decline associated with normal aging and a trend toward reduced BDNF levels in rats irradiated as young adults (P ¼ 0.08).
DISCUSSION
Taken together, the results of this study indicate that the systemic effects of fWBI were caused by neural and subsequent endocrine changes, not by damage to extracranial structures. Visualizing DSB by immunolabeling for c-H2AX provided an in vivo demonstration of the spatial 330 extent of irradiation in the brain, demonstrating the anterior and posterior margins of the field and confirming that the entire dorsal-ventral extent was irradiated. Irradiating from the lateral aspect (rather than along the dorsal-ventral axis) spared the esophagus and the dimensions and positioning of the aperture were such that the sublingual, submaxillary and parotid glands, as well as the oral cavity and pharynx were shielded. Given its proximity to the ventral cranium, the dorsal-most component of the posterior nasopharynx may have received some dose (due to scatter) but less than 10% of the target dose, given the sharp drop off demonstrated using radiochromic film. Significantly, the systemic effects of fWBI in the present study differed greatly from those reported after wider head and neck irradiation in rats and attributed to extracranial damage (13) . In that study, irradiated rats were emaciated (body weight reduced !50%) and clearly had increased morbidity and mortality, including malocclusion and associated dysphagia. In contrast, all of the irradiated rats in the current study: appeared healthy and behaved normally, remained on standard chow, did not develop malocclusion, and showed weight changes more or less in parallel with control rats but with irradiated rats just remaining smaller. Moreover, if radiation-induced weight changes were due to damage to salivary glands or the pharynx, one might expect the effects to be as great, if not greater, in older animals. In contrast, weight changes were much smaller in the rats irradiated in middle age, consistent with an age-dependent neuroendocrine mechanism. It is clear in the clinic that brain irradiation changes the body and that systemic effects such as changes in endocrine pathways are prominent. Hypopituitarism is common after cranial irradiation in children and adults (3) (4) (5) and may impact growth, body composition, cardiovascular function, bone density and other factors that influence quality of life (4) . To date, however, systemic effects of cranial irradiation have been little considered in experimental animal studies. Robinson and colleagues (14) reported that one dose of cranial irradiation (20-24 Gy) to eight-week-old rats induced dose-and time-dependent changes in pituitary hormones up to 20 weeks postirradiation, but longer-term effects and effects of clinically relevant fWBI have not been assessed previously. The influence of age at time of irradiation had not been evaluated previously, despite clinical evidence that systemic effects of WBI are age dependent. The goal of the current study was an initial assessment of the impact of fWBI on systems that are suggested by clinical observations to be sensitive to cranial irradiation.
Our findings demonstrate significant systemic changes, particularly changes in the GH/IGF-I axis, in a rodent model of radiation-induced brain injury. The magnitude of the Table 1 are shown in Fig. 2 ).
SHORT COMMUNICATION observed changes was diminished in rats irradiated in middle age compared to those irradiated as young adults, indicating decreased vulnerability to these systemic effects with increasing age. This did not, however, represent a difference between a vulnerable ''pediatric'' brain and a radioresistant old brain. The younger animals in this study were as old or older than the rodents typically used in experimental studies of radiation-induced brain injury in adults and the older, middle aged rats clearly still showed systemic side effects, just like many middle aged and older patients in the clinic.
Radiation-induced changes in GH/IGF-I likely contributed to decreased body weight (presumably reflecting metabolic changes) and also may have contributed to decreased brain weight. The latter is consistent with our previous demonstration that adult-onset deficiency in growth hormone produces a significant decrease in brain weight (15) . It is significant, as one considers possible mechanisms of radiation-induced cognitive dysfunction, that the many neural functions known to be influenced by growth hormone and IGF-I include each of the primary mechanisms currently proposed to underlie radiationinduced cognitive dysfunction: neurogenesis, neuroinflammation and oxidative stress. Neural precursor cells within the adult brain are directly responsive to growth hormone (16) as well as to IGF-I (17), and we and others have shown that the GH/IGF-I axis modulates hippocampal neurogenesis (15, 18, 19) and glial turnover (20, 21) . IGF-I and its analogs also can modulate the response to neuroinflammatory stimuli (22) , and alterations in growth hormone and/or IGF-I signaling influence oxidative stress defenses and responses (23, 24) .
The indication here that fWBI resulted in decreases in the weight of some, but not all, neural regions raises an important caution as we and others continue to investigate the mechanisms of radiation-induced brain injury. It is widely thought that different neural regions may be differentially affected by brain irradiation, due to intrinsic differences in vulnerability (arising from heterogeneity in cell types, myelination, vascularization, local anti-inflammatory/antioxidant mechanisms, etc.) and/or differences in repair mechanisms. It may be necessary to consider an additional level of complexity-regional differences in the responses of the brain to systemic alterations in response to cranial irradiation.
The data presented here argue for assessment of systemic effects of WBI in experimental studies of the mechanisms and treatment of normal tissue injury following cranial irradiation, since such effects may, in turn and over time, significantly influence neural responses and development of cognitive deficits.
